Abstract-The reliability issue of the mechanical system of Autonomous Underwater Vehicles was analyzed. The system reliability models of the mechanical system of AUV were built under the conditions of random load and ultimate load, respectively. A temporal dynamic model was also built to describe the relationship between reliability and time. Then, the methods of reliability allocation were studied, and an improved method combined with the equal reliability allocation and the factor based reliability allocation was presented. Finally, the reliability of every component of the mechanical system of AUV was allocated with the new reliability allocation method according to the structural characteristic of the mechanical system of AUV.
I. INTRODUCTION
In recent years, the technology of Autonomous Underwater Vehicles has experienced rapid development with more applications and functionalities [1, 2] .Due to the harsh working environment, the high working intensity and the long operating hours, the reliability of AUV is highly required. Especially the mechanical system, which is directly affected by the ocean environment, requires even more strict reliability to ensure its functionality. Therefore, the reliability of the AUV, especially the mechanical system, has become one of the most important issue in the development of the AUV technology, which calls for more research by scientists [3, 4] .
The new conceptual AUV presented in this paper is a model which has all typical features of AUV, but with more complex systems and more multiplex functions. The mechanical system of the AUV is consist of the hermetic hull, the prow, the stern, the wings and the rudders [5] .
In this paper, the reliability of the mechanical system of the new conceptual AUV has been analyzed. The reliability models of the mechanical system under the random load and the ultimate load were established, as well as the time-variant reliability model. Then, the methods of reliability allocation were compared, and a new method which combined the factor based reliability allocation method and the equal reliability allocation was introduced to analyze the reliability of the mechanical system of the AUV.
II. RELIABILITY MODELING FOR THE MECHANICAL SYSTEM OF AUV
By analyzing the components of the mechanical system of the AUV, the reliability diagram can be established (Figure 1) , which is as a base for the reliability modeling. The relation between the reliability of the whole system and the reliability of each component under the environment of constant load can be established as the following equation: In the equation, R 1 : Reliability of the prow; R 2 : Reliability of the hermetic hull; R 3 : Reliability of the sealing parts; R 4 : Reliability of the stern; R 5 : Reliability of the wing; R 6 : Reliability of the fore rudder; R 7 : Reliability of the stern rudder. And the reliability diagram with R i is as Figure 2 shows.
The reliability of the prow, the hermetic hull, the stern and the wings can be considered as not varying by time, while the sealing parts, the fore rudders and the stern rudders have to operate in long time process, the reliability of which varies through time. Because the characteristic of the reliability for these components are different, the analysis for each component calls for different theoretic methods, or different experimental methods. Therefore, different characteristic of reliability should be considered separately in the modeling process.
The reliability R(t) for the components which related to time can be presented using the failure rate function of λ(t) as following:
Therefore, the time-variant reliability of the reliability of the mechanical system of the AUV is:
In the circumstance of random load, the probability density function of load can be shown as f(L), so the relationship between the reliability of the system and the components is:
In the equation, the reliability of every component (R i ) is the function of load L.
In the engineering application, people could consider the reliability, in a conservative way, under the ultimate load. The variable of random load is replaced by probable ultimate load, and there is no failure correlation occurs among the components. 
In the equation, R i is the reliability of every component under ultimate load.
III. RELIABILITY ALLOCATION FOR THE MECHANICAL SYSTEM OF AUV
In order to improve the design quality and further the performance of the mechanical system of AUV, the reliability of the system must be designed and controlled in a quantitative way. Engineers have to allocate the reliability downward to every subsystem or every component, based on the reliability of the whole system. Therefore, the reliability allocation is the issue of the optimized allocation for every component in the system. The principle is to minimize the cost of manufacturing while the reliability of the system fulfills the requirement. And the restrictions also include the size and the weight of every component and so on.
For short, the reliability allocation is to solve the following inequation:
In the inequation, R i is the reliability allocated to the ith component; R s is the required reliability of the system; f is the function of the system reliability calculated by every component of the system.
A. Equal Reliability Allocation
Equal reliability allocation, which assumes every component as an equal status, is usually used in the first design process [6] , when few data of the reliability of the system is available.
(1) The equation of equal reliability allocation for the series system:
In the equation, R s is the required reliability of the system; R i is the reliability allocated to the ith component; n is the number of component in series.
(2) The equation of reliability allocation for the parallel system:
B. Factor Based Reliability Allocation
Factor based reliability allocation is to evaluate and grade the main elements for every component, by which the reliability is allocated to every component [6, 7] . The score is usually from 1 to 10, and higher score means more probability of failure. The main elements include the following factors. (4) Work conditions. The component which has to work in the worst situation and has to function in the whole working process scores 10, otherwise scores 1.
Thus, the score of the ith component ( i ) is the product of the four elements' scores ( ij ):
In the equation, j 1, 2, 3, 4 represents the four forementioned elements
The total score of the system is:
In the equation, i 1, 2,…, n is the number of every component.
The ratio ( i ) of the ith component is:
In the series system, the reliability allocated to the ith component is:
C. Comparison of the Reliability Allocation Methods
Different methods of reliability allocation apply to different systems, so people have to choose the method based on the specific system. The difference between the equal reliability allocation and the factor based reliability allocation is as Table  1 . Therefore, in order to do reliability allocation for the complex system of the mechanical system of the AUV which combined with the series system and the parallel system, we have to take the characteristic of the components and their relation to the system into account, and use the method of equal reliability allocation and factor based reliability allocation combined.
D. Reliability allocation for the mechanical system of AUV
For the reliability allocation of the mechanical system of AUV, the subsystem of parallel components (R i and R j for example) is considered as one equivalent component (R ij ), and the system combined with series system and the parallel system can be transferred into a series system as Figure 3 shows. The subsystem of the wings(R 5 ) can be considered as R 55 , the fore rudders(R 6 ) and the stern rudders(R 7 ) can be considered as an equivalent component of R 67 . Then, the factors of technology standard, complexity, importance and working conditions for every component of the mechanical system, including the equivalent components, are scored, as Table 2 shows.
If the reliability of the mechanical system of AUV isˆs R =0.90, and the life of every component is assumed to accord with the exponential distribution. By using the equation (11) we can calculateR 1 of the prow, R 2 of the hermetic hull, R 3 of the sealing parts, R 4 of the stern, R 55 of the wings andR 67 of the rudders as following: After calculating the reliability of the equivalent components (R 55 and R 67 ), the method of equal reliability allocation is used to get the reliability of the wing (R 5 ), the fore rudder (R 6 ) and the stern rudder (R 7 ). In order to study the validity of the reliability allocation, the reliabilities of all components are put into the equation (5) of the system reliability under ultimate load. We can know from the calculation that the reliability of the mechanical system: R S ˆs R , so the reliability allocation is able to meet the requirement of the system. Therefore, this method of reliability allocation is valid. Figure 4 . Reliability variance of the mechanical system of AUV Figure 4 shows the change of the reliabilities of the components under different system reliability requirement (RS=0.80~0.95), using the reliability allocation method in this paper. We can find that this method can adjust the reliability value of every component automatically, based on its characteristic which is represented as the score. For the components with simpler structure and better working conditions, which are easy to achieve higher reliability, their reliability vary little while the system reliability changes. By contraries, for the components which are difficult to achieve high reliability, their reliability can vary in a larger range. It is thus clear that this method can do reliability allocation more properly.
IV. CONCLUSIONS
In this paper, the reliability models of the mechanical system of the AUV under different load situation are established. The example of reliability allocation for the mechanical system of AUV, using the analysis method which combined with equal reliability allocation and factor based reliability allocation, is provided. By comparison, the factor based reliability allocation is suitable for the series system only, and it requires deep understanding about the system. The result of the factor based reliability allocation is more appropriate, and can better meet the requirement of reliability allocation. While the equal reliability allocation can solve both series systems and parallel systems, and it is suitable to the primary process of design because it requires few information about the system. In the reliability allocation for the mechanical system of AUV, the method combined the two fore-mentioned methods can provide more appropriate result. This new method of reliability allocation has provided a good reference for the study of UUV reliability and the reliability allocation of other mechanical systems.
